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ABBREVIATIONS AND DEFINITIONS  
 
ACSM  Aerosol chemical speciation monitor 
AMS  Aerosol mass spectrometer  
BBOA  Biomass burning organic aerosol 
BC   Black carbon  
BIC  Bushveld Igneous complex 
BLPI   Berner low-pressure impactor  
CC  Carbonate carbon 
CE   Collection efficiency  
CMB  Chemical mass balance 
Da   Particle aerodynamic diameter  
DMPS   Differential mobility particle sizer  
EC   Elemental carbon  
EDXRF  Energy dispersive X-ray fluorescence  
EPA  Environmental Protection Agency, USA 
FDMS  Filter Dynamics Measurement System 
GC  Gas chromatography  
HOA  Hydrocarbon-like organic aerosol 
HPAEC   High-performance anion-exchange chromatograph/chromatography  
IC   Ion chromatograph/chromatography 
IPCC  Intergovernmental Panel on Climate Change  
LC  Liquid chromatograph/chromatography 
LV  Low volatile 
MA, MAs   Monosaccharide anhydride(s) 
MAAP  Multi-angle absorption photometer 
MARGA  Monitor for aerosols and gases in ambient air 
ME-2  Multilinear engine algorithm 
MOUDI   Micro-orifice uniform deposit impactor  
MS   Mass spectrometer/spectrometry  
m/z   Mass-to-charge ratio  
NOx   Nitrogen oxides (NO, NO2)  
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OC   Organic carbon  
OOA  Oxygenated organic aerosol 
PILS   Particle-into-liquid sampler  
PM   Particulate matter  
PM1   Particles with Da <1 μm; respectively PM10, PM2.5, etc.  
PMF  Positive matrix factorisation 
POA  Primary organic aerosol 
POM   Particulate organic matter  
PTFE   Polytetrafluoroethylene  
RIE  Relative ionisation efficiency 
SC-OCEC   Semicontinuous OC and EC field analyser  
SMEAR   Station for measuring forest ecosystem – atmosphere relations  
SOA   Secondary organic aerosol  
SSR  Smoke-stain reflectometer 
SV  Semivolatile 
TEOM   Tapered element oscillating microbalance  
TC   Total carbon  
TOC-VCPH   Total organic carbon analyser with a high-sensitive catalyst  
VI   Virtual impactor  
VOC   Volatile organic carbon compounds  
WINS  Well impactor ninety-six 
WISOC   Water-insoluble organic carbon  
WSOC   Water-soluble organic carbon  
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1. INTRODUCTION 
 
During the late 1970s and the 1980s, three environmental issues involving atmospheric air pollution 
were widely recognised: acid rain, photochemical air pollution (smog) and stratospheric ozone 
depletion. Nowadays atmospheric particles are at the centre of scientific and political discussions 
due to the uncertainty surrounding their direct and indirect climate effects (IPCC: 
Intergovernmental Panel on Climate Change, 2013) and their adverse impacts on human health 
(Peng et al., 2005), visibility (Watson, 2002) and ecosystems (Matson et al., 2002). In order to 
estimate the effects of multiphase and multi-component aerosols on climate change, human health 
and the ecosystem, concentrations and chemical composition of particles should be identified (IPCC 
2013, Pope and Dockery 2006 and Brook et al. 2010 and reference herein). Reliable 
characterisation and quantification of particles and their sources are essential for developing control 
strategies for atmospheric pollution.  
 
Atmospheric particles can be classified in many ways, e.g. based on their origin (anthropogenic vs 
natural), size (fine vs coarse) or how they are formed (primary vs secondary). Primary particles are 
directly emitted into the atmosphere, whereas secondary particles are formed as products of 
chemical reactions and physical processes occurring in the atmosphere. Atmospheric particles 
consist of thousands of chemically and physically different components that reflect their sources 
and atmospheric processes such as ageing (Jimenez et al. 2009). The lifetime of atmospheric 
particles in the lower troposphere is typically from days to a week depending on their size (Seinfeld 
and Pandis, 2006). Because of their short lifetime, atmospheric particles are not uniformly 
distributed over the globe and the chemical composition and concentrations of particles depend 
greatly on local to regional or long-range transported scale sources. The largest global natural 
sources of particles are sea salt, mineral dust and secondary production of biogenic organic 
compounds (Seinfeld and Pandis, 2006, Szidat et al., 2006), whereas the main anthropogenic 
sources include industrial sources, power generation, transport (Yli-Tuomi et al., 2005, Zhang et al., 
2005), small-scale wood combustion (Karvosenoja et al. 2008, Glasius et al, 2006, Szidat et al., 
2007, Saarnio et al., 2012) and secondary particle formation from anthropogenic precursor gases. 
Some of these sources have clear seasonal variation in their emissions; for example, biogenic 
emissions increase in summertime or emissions from biomass burning may elevate either because 
15 
 
 
 
of heating of houses during the wintertime, wildfires during the dry season or prescribed burning in 
agricultural areas in spring and autumn. 
 
There is no uniform measurement standard or technique available for measuring the chemical 
composition of particles. To select the most appropriate measurement techniques, it is important to 
establish which particle chemical characteristics are required and could be done with reasonable 
efforts and costs. Also, the legislation requires that ambient mass concentrations or emissions of 
certain components should be determined. Thechniques for measuring the chemical composition of 
particles range from filter or impactor collections and subsequent chemical analyses to highly time-
resolved on-line instruments.   
 
In this thesis, I investigate the chemical composition of fine particles and their sources mainly in 
urban areas in Finland. Additionally, in order to understand the significance of the dispersion of air 
pollutants, measurements at two rural sites, one located in Finland and the other in South Africa, 
were included in this thesis. Besides showing the significance of the anthropogenic influence, the 
rural sites served as places to examine the formation of particles of biogenic origin. 
 
2. OBJECTIVES OF THE STUDY 
 
The general purpose of the thesis was to investigate the chemical composition and sources of fine 
particles in ambient air. Aerosol measurements were conducted in various environments with 
different on- and off-line methods. The more specific objectives of the study were: 
 
 to examine how chemical composition and mass concentration of chemical species in fine 
particles vary temporally (Papers I, II, V) and seasonally (Paper V) in relation to air mass 
origin (Paper III)  
 to investigate the chemical composition of fine particles during biomass burning events 
(Papers I, III) 
 to study how the concentrations of carbonaceous components vary temporally (Papers II and 
IV), seasonally and during transport between two sites (Paper IV) 
 to identify and quantify the sources or processes of particulate organic matter (e.g. 
hydrocarbon-like, biomass burning or secondary, Paper II) 
16 
 
 
 
 
3. BACKGROUND 
 
3.1. Atmospheric aerosols 
 
Aerosol is generally defined as a suspension of liquid or solid particles in a gaseous medium, 
outdoor air in the case of this thesis. Although atmospheric particles usually do not have regular 
shapes, they can be classified based on their aerodynamic diameter (Da). Da is defined as a diameter 
of a spherical particle with a density of 1 g cm
-3
 that has the same settling velocity as an irregular 
particle.
 
Atmospheric particles range in size from a few nanometres to as large as 100 μm in 
diameter. Particles below 0.1 µm are called ultrafine particles, and they usually consist of two 
particle modes, nucleation and the Aitken mode. Due to their rapid coagulation or Brownian 
diffusion onto surfaces, the lifetime of these small particles is relatively short (on the order of 
minutes to days). Larger particles in the size range of 0.1 to 1 µm in diameter can accumulate in the 
atmosphere because their removal mechanisms are less efficient, and they are called accumulation 
mode particles. The lifetime of accumulation mode particles in the atmosphere is several days, and 
during this period they can be transported long distances from their source areas. Particles in the 
accumulation mode are formed mainly by coagulation of smaller particles, condensation of vapours 
onto existing particles or cloud processing, and during these mechanisms they growth into their 
typical size range. As the growth processes are slow in the accumulation mode, they are not 
reaching the coarse-particle mode sizes in their lifetime. Accumulation mode particles and their 
precursors can be emitted to the atmosphere from different sources, mainly from incomplete 
combustion and from biogenic emissions. Together the ultrafine and accumulation modes constitute 
fine particles. The coarse mode contains particles with a diameter larger than 2.5 μm. Due to the 
relatively large mass of coarse particles, they have short atmospheric lifetimes because of their 
rapid gravitational sedimentation and removal caused by inertial forces. Figure 1 shows the typical 
size ranges for atmospheric particles.  
17 
 
 
 
 
Figure 1. An example of typical number (upper panel) and volume (lower panel) size distributions 
of atmospheric particulate matter with different modes (adapted from Seinfeld and Pandis (2006)).  
 
The removal processes of atmospheric species can be grouped into two categories: dry deposition 
and wet deposition. Dry deposition denotes the direct transfer of gases and particles to the Earth’s 
surface, whereas in wet deposition, species are in aqueous form when transferred to the surface. 
Atmospheric particles can serve as condensation nuclei for atmospheric water (cloud or fog droplet 
formation) or they can be scavenged by droplets. The rate of deposition is slowest for particles of an 
intermediate size, like accumulation mode size, as mechanisms for deposition are most effective for 
either very small (ultrafine mode) or very large particles (coarse particles).  
 
In urban areas, aerosols originate mostly from anthropogenic sources. Mass concentrations of fine 
particles range from 10 μg m-3 to 1 mg m-3 in heavily polluted cities in developing countries 
(Putaud et al., 2010, Hand et al., 2012, He et al., 2001, Ji et al., 2014, Duan et al., 2006). The PM2.5 
(Da<2.5µm) mass concentrations in rural background areas containing particles from natural and 
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transported anthropogenic sources vary from approximately a few µg m
-3 
to
 
20 µg m
-3
 (Putaud et al., 
2010, Hand et al., 2012). The concentration and composition of natural background aerosol depends 
on direct emissions (e.g. wildfires) and gas-to-particle formation from natural sources (biogenic 
volatile organic carbon compounds). The majority of the fine particulate mass in the atmosphere, 
both natural and anthropogenic, is formed in the atmosphere from gaseous emissions (Hinds, 1999). 
 
3.2. Health effects of particles 
 
The size of a particle determines how far it can penetrate into the respiratory tract when inhaled. 
Larger particles are generally filtered in the nose and throat, but particles smaller than about 10 µm 
(PM10) can settle in the bronchi and lungs. PM2.5 particles can penetrate deeper into the gas-
exchange region of the lungs, and ultrafine particles may pass the blood-air barrier into the 
bloodstream (Pope and Docherty, 2006). Typically, size-selective sampling of particulate matter 
(PM) is based on the particle inhalation and deposition processes.  
 
Epidemiological studies indicate that increased concentrations of atmospheric particles cause 
adverse health effects in urban populations (e.g. Zanobetti and Schwartz, 2009). Still, it is uncertain 
which aerosol parameters (particle mass, particle number, surface area, particle size, chemical 
composition or water solubility) are the best indicators of particle harmfulness. Some specific 
studies have attempted to resolve which components or attributes are most important in determining 
health effects, but they have not shown unambiguous evidence of the most harmful 
species/properties (Zanobetti et al., 2014; Boman et al., 2003; Ostro et al., 2011; Dai et al., 2014; 
Moller, 2011). However, they have given a clear indication that mass alone is not a sufficient metric 
with which to evaluate the health effects of exposure. Additionally, there seems to be no threshold 
value for the mass or number concentrations of particles in association with their health effects. 
Daily mortality has been estimated to increase by 1% per 10 µg m
-3 
increment of fine particles 
measured at central urban background sites (WHO, 2005). It has also been estimated that globally 
the premature mortality rate due to PM2.5 in 2005 was about 2.2 million/year (Lelieveld et al., 
2013). The European legislation on air quality set up directives to define the limit value for the 
maximum mass concentration of PM (PM: both PM2.5 and PM10) in ambient air. The yearly limit 
value in the EU member countries for PM2.5 and PM10 is 25 and 50 µg m
-3
, respectively.
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3.3. Climatic effects of particles 
 
It is well known that greenhouse gases warm the atmosphere, but also aerosols have significant 
influences on the climate. Aerosols have both direct and indirect effects. As a direct effect, aerosols 
scatter sunlight back into space. As an indirect effect, aerosols in the lower atmosphere modify the 
size of cloud particles, changing how clouds reflect and absorb sunlight, and thereby affecting the 
Earth's energy budget. Both these effects cause a cooling influence of particles. At the same time, 
black carbon (BC) and mineral dust are strong light absorbers (Yang et al., 2009). As opposed to the 
long-lived greenhouse gases, light-absorbing and scattering particles are referred to as short-lived 
climate forcers. Particles that absorb sunlight warm the atmosphere. As a global average, the 
aerosol effect is estimated to result in a net cooling of the atmosphere. This cooling or warming of 
the atmosphere as a result of the reflective or absorbent properties of particles is the largest source 
of uncertainty in the estimation of radiative forcing (Figure 2, Stocker et al., 2013).  
 
Figure 2. Radiative forcing of components. The horizontal lines indicate the overall uncertainty. 
Adapted from IPCC (2013). 
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3.4. Chemical composition of atmospheric fine particles 
 
The chemical composition of fine and coarse particles in the atmosphere differs greatly. Because 
there is little mass transfer between fine and coarse particles, they exist as two chemically distinct 
aerosol modes in the atmosphere. Atmospheric fine particles consist of thousands of different 
components of which the major constituents are inorganic ions (sulphate, nitrate, and ammonium) 
and carbonaceous compounds (e.g. Solomon et al., 2008 and references therein, Chan and Yao, 
2008 and references therein, Zhang et al., 2007, Putaud et al., 2010). The main chemical pathway 
for the production of fine particles is described briefly in Figure 3. The primary components of 
coarse particles, which are mainly emitted from mechanical processes, are dust, crustal elements, 
sea salt and vegetation (Seinfeld and Pandis, 2006).  
 
3.4.1. Inorganic ions 
 
Sulphate, nitrate and ammonium are known as secondary inorganic ions, since they are mainly 
formed from their precursor gases, sulphur dioxide (SO2), nitrogen oxides (NOx) and ammonia 
(NH3), through gas-to-particle conversion. SO2 is oxidised to sulphate in the gas or aqueous phase 
with oxidizers such as hydroxyl radical, ozone, H2O2 or O2 with catalyst (Seinfeld and Pandis, 
2006). Oxidation in the aqueous phase is much faster than in the gas phase, and the dominant 
oxidizer in the aqueous phase with low pH is H2O2 and with high pH is ozone (Seinfeld and Pandis, 
2006). Sulphate is found in the submicron (Da < 1 µm) and supermicron (Da > 1 µm) size ranges, 
but it is more typical in the submicron size range. The major anthropogenic sources of sulphur are 
fossil fuel combustion and industrial activities, whereas the natural sources of sulphur are the 
marine biosphere (marine plankton and sea salt) and volcanos (Finlayson-Pitts and Pitts, 2000).  
 
The source of particulate nitrate is mainly nitric acid, which is formed from NOx in the atmosphere. 
Aerosol nitrate also may be formed directly from reactions of NOx on alkaline particles (Herring et 
al., 1996). However, this process occurs mostly in the coarse fraction. The anthropogenic source of 
NOx is fossil fuel combustion, and in nature, NOx is a result of bacterial processes, biological 
growth and decay, lightning, and forest and grassland fires (Lee et al., 1997). When attached to 
surfaces, nitric acid is removed rapidly by dry and wet deposition, but it also reacts readily with 
ammonia to produce ammonium nitrate, or with sea salt or soil to produce compounds such as 
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sodium nitrate or calcium nitrate in the coarse mode (Pakkanen et al., 1996a). The ammonium 
nitrate formed is thermally unstable and in dynamic equilibrium with gas-phase ammonia and nitric 
acid. The formation of ammonium nitrate depends on the availably of ammonia, as the reaction of 
ammonia with sulphuric acid is predominant (Ansari and Pandis, 1998).  However, significant 
amounts of ammonium nitrate are formed in regions where sulphate levels are low and ammonia 
and nitrogen oxide emissions are high.  
 
Fertiliser and livestock represent the largest sources of ammonia emissions (EAA, 2014), but 
emissions from motor vehicles can contribute to ammonia levels, at least in urban areas (Suarez-
Bertoa et al., 2014). The main natural source of ammonia, although minor compared to agriculture, 
is soil (Finlayson-Pitts and Pitts, 2000). The high seasonal variability of agricultural activities and 
natural sources fluctuate the emissions of ammonia, whereas vehicles-related emissions, although 
minor in contribution globally, are more stable throughout the year. As mentioned above, ammonia 
reacts rapidly with sulphuric and nitric acids in the atmosphere and contributes to ambient levels of 
fine particles. Since sulphate-containing particles deposit much more slowly than either ammonia or 
nitric acid, the formation of ammonium sulphate particles distributes ammonium over a much larger 
region than ammonium nitrate does.  
 
3.4.2 Carbonaceous matter  
 
Fine particulate carbonaceous matter consists of thousands of different compounds. As the 
identification of all particulate carbonaceous species is not possible, they are typically divided into 
three main categories: particulate organic matter (POM), carbonate carbon (CC), and black carbon 
(BC), which is also called elemental carbon (EC). BC is an optical measurement that is commonly 
used to denote the extent of light absorption by the sample. BC has no mass unit of its own; rather, 
the absorption of particles is converted to the mass concentrations of BC, whereas EC usually 
identifies carbon that does not volatilise below a certain temperature, usually about 500 °C. 
Although EC and BC are not measures of the same properties of PM, they are often well correlated, 
although BC or EC concentrations are found to differ by up to a factor of 7 among different 
methods (Watson and Chow, 2002; Watson et al., 2005).  
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POM constitutes a major fraction of atmospheric fine PM (Putaud et al., 2010; Zhang et al., 2007), 
whereas CC is negligible in fine particles in most regions except those under the influence of 
mineral dust (e.g. Cao et al. 2005). EC represents on average 5–20% of fine particle mass 
depending greatly on location (Hand et al., 2012, Putaud et al., 2010). EC is exclusively a primary 
species, and it is formed during incomplete combustion. 
 
POM is composed of organic carbon (OC) and typically elements such as hydrogen, oxygen and 
nitrogen depending on the molecular composition of organic species in POM. The ratio of POM to 
OC depends on the origin and age of the POM in the atmosphere. For urban POM, the POM-OC-
ratio of 1.6±0.2 and for nonurban POM the ratio of 2.1±0.2 has been recommended (Turpin and 
Lim, 2001).  
 
POM can be further divided into primary organic aerosol (POA) and secondary organic aerosol 
(SOA) or into water-soluble organic carbon (WSOC) and water-insoluble organic carbon (WISOC). 
WISOC compounds are typically from fresh emissions originating from traffic or other local 
sources. As aerosol ages, it becomes more water-soluble due to oxidation in the atmosphere 
(Jimenez et al., 2009). Typically, WSOC compounds represent 12–75% of OC (Jaffrezo et al., 2005 
and reference herein, Timonen et al., 2008a, Pathak et al., 2011). 
 
POA is composed of a wide range of hydrocarbons, partially oxidised POM, and a wide variety of 
suspended organic debris and material. Sources of POA include fossil fuel burning, domestic 
burning, uncontained burning of vegetation (savannah and deforestation fires), agricultural waste 
and biogenic sources (viruses, bacteria, fungal spores and plant debris). POA is mainly water 
insoluble whereas SOA is typically more water-soluble (Miyazaki et al., 2006, Timonen et al., 
2010). SOA consists typically of compounds bearing multiple oxygenated functional groups 
(Seinfeld and Pandis, 2006, Clayes et al., 2007, Seinfeld and Pankow, 2003). SOA is formed in the 
atmosphere via photochemical oxidation of volatile and semivolatile organic compounds emitted 
from both biogenic and anthropogenic sources and subsequent condensation on pre-existing particle 
surfaces. In urban areas, anthropogenic volatile organic carbon compounds (VOC) can be the 
dominant source of SOA, but globally the emissions of biogenic volatile organic compounds 
comprise 90% of total VOC emissions (Seinfled and Pankow, 2003, Guenther et al., 1995). SOA’s 
contribution to POM varies between 49% and 95% (Crippa et al., 2014). 
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Figure 3. The main atmospheric chemical reactions that contribute to fine particulate matter. HOA, 
BBOA and OOA mean: hydrocarbon-like organic aerosol, biomass burning organic aerosol and 
oxygenated organic aerosol, respectively.  The components in the red boxes were studied in this 
thesis. Reaction pathways are compiled from Seinfeld and Pandis (2006). 
 
3.5. Techniques for studying the chemical composition of atmospheric fine 
particles  
 
The different methods typically used for identifying the chemical composition of fine particles from 
filters or on-line are presented briefly below and demonstrated in Figures 4 and 5, respectively. 
Methods that were used in this thesis are indicated. 
 
3.5.1. Off-line instruments 
 
The chemical composition of atmospheric fine particles can be investigated by off-line and on-line 
methods. Filter-based aerosol sampling with post-sampling chemical analysis is still a very common 
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method to investigate the time series of chemical species for an extended period of time. Cascade 
impactors are still widely used for particle mass size distribution studies. The sampling time with 
filters and impactors varies with ambient loadings, sampling flow rates and the sensitivities of the 
analytical methods, but typically it ranges from several hours in urban areas to a day or even longer 
in clean background conditions. Polytetrafluoroethylene (PTFE) and quartz fibre filters are the most 
commonly used materials for particle sampling when using filter cassette systems. PTFE filters are 
suitable for gravimetric mass measurements and various chemical analyses, except for OC. Quartz 
fibre filters are typically used for OC measurements because of their resistance to high temperatures 
used in thermoanalytical methods. Polycarbonate film also is used in impactors for determination of 
the mass size distributions of elements, and aluminium foil is used for the gravimetric mass size 
distributions. In order to reduce the particle bounce in impactors, impactor substrates are typically 
greased.  
 
Ion chromatography (IC) is the most applied method for analysing inorganic ions and some organic 
diacids (e.g. sulphate, nitrate, chloride, ammonium, potassium, sodium, magnesium, calcium and 
oxalate) from PM samples, and it was used widely in this thesis. The results from different 
laboratories are usually within ±10% for the major inorganic species, except for calcium, for which 
the difference can reach 50% (Putaud et al., 2000). In addition to IC, capillary electrophoresis 
techniques have been used to analyse inorganic ions, mostly from environmental water samples but 
also from ambient particles (Fukushi et al., 1999). Before the development of a high-capacity 
cation-exchange column, ammonium was analysed by using a calorimetric method or an ion-
selective electrode (Ruoho-Airola et al., 2010; Fukushi et al., 2006). Besides IC, other suitable 
methods for analysing alkali (e.g. sodium and potassium), or alkaline earth metals (e.g. magnesium 
and calcium) include atomic absorption spectrometry, inductive coupled mass spectrometry, 
instrumental neutron activation analysis and particle-induced X-ray emission analysis, which is 
used also for sulphur analyses (Pakkanen et al., 1993, 1996b, Maenhaut et al., 2011). The four last 
mentioned methods are suitable also for the trace metal analysis.  
 
Compared to inorganic ions and elements, carbonaceous species (OC, EC, CC) are more difficult to 
analyse from PM filters or impactor samples as there are no definitive standards for their 
quantification. The water-soluble fraction of OC is typically analysed by a total organic carbon 
analyser (Jaffrezo et al., 2005), and thermal-optical methods are widely used to determine total OC 
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and EC in ambient aerosols (Watson et al., 2005). Both methods were used in this thesis, but mainly 
the thermal-optical method.  
 
It is widely recognised that OC and EC are operationally defined by the thermal-optical method 
used, as the temperature program and optical charring correction influence the obtained 
concentrations of OC and EC. Several intercomparison studies have shown that the uncertainty in 
the determination of total carbon (TC; sum of OC, EC and CC) is below 25%, but large differences 
in the concentration of EC measured by different temperature protocols are detected (Cavalli et al., 
2010; Watson et al., 2005 Emblico et al., 2012; Schmid et al., 2001). Another method of analysing 
BC on filter samples, though it is indirect, is the smoke stain reflectometer (SSR), which was used 
in this thesis during one field experiment. SSR evaluates the amount of BC collected on the filter by 
converting the reflection of light to an absorption coefficient and finally to mass concentration 
(Kinney et al., 2000; Hansen et al., 1984).  
 
Individual molecular species in particulate organic fraction are commonly identified and quantified 
by using gas chromatography–mass spectrometry (GC–MS, Vicente et al., 2012, Schnelle-Kreis et 
al., 2011; Kowalewski and Gierczak, 2011) and liquid chromatography–mass spectrometry (LC–
MS, Samy et al., 2011; Kitanovski et al., 2011; Kampf et al., 2011) including IC. GC-MS is 
typically used for analysing organic compounds that comprise POA (e.g. hydrocarbons), whereas 
IC and other types of liquid chromatographies have been used for analysing organic compounds 
such as levoglucosan or more oxidised ones such as low-molecular-weight dicarboxylic acids 
(Kerminen et al., 1999, Saarnio et al., 2010a). Typically, organic species identified by 
chromatographic techniques explain < 20% of the organic mass in PM (Duarte and Duarte 2011). 
The identification of organic molecular species was not a major focus of this thesis. Only biomass 
burning tracers, monosaccharide anhydrides (e.g. levoglucosan), were identified. In addition to 
individual molecular species, the chemical composition of POM can be characterised by using 
nuclear magnetic resonance spectrometry (Sannigrahi et al., 2006), which determines functional 
groups or molecular bonds in POM from filters.  
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Figure 4. Typical methods of identifying fine particles from filters (off-line). Solid bluish boxes and 
blue letters describe the main and minor analytical methods used in this thesis, respectively. 
  
3.5.2. On-line instruments 
 
In order to achieve better time resolution and to avoid sampling artefacts typical of filter collection, 
on-line methods have become more common in the scientific community, especially in the 
investigating of rapid atmospheric processes and rapidly changing environments. On-line methods 
for analysing the chemical composition of particles include e.g. Particle Into Liquid Sampler (PILS; 
Orsini et al. 2003), which can be coupled with different analytical instruments, like IC (Takegawa et 
al., 2005); high-performance anion exchange chromatography-mass spectrometry (HPAEC-MS, 
Saarnio et al., 2013); and total organic carbon analyser (Timonen et al., 2010) for analysing 
components such as typical inorganic ions, major organic ions (like oxalic acid), total water-soluble 
organic carbon and levoglucosan. A combination of PILS-IC was used in this thesis during a one-
year long field experiment. The Monitor for AeRosols and Gases in ambient Air (MARGA; Trebs 
et al., 2004, ten Brink et al., 2007) measures both water-soluble gases like NH3, HNO3, HCl, SO2 
and HONO, and inorganic and organic ions in particles. Water-soluble gases are collected by wet 
rotating denuders and particles similar to the PILS with the steam-jet aerosol collector (Slanina et 
al., 2001). Chemical species are analysed by the IC in the MARGA. There is also a monitor for the 
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particulate metals (EPA 2012) and a semicontinuous OC and EC field analyser (SC-OCEC; Arhami 
et al. 2006) for carbonaceous species. SC-OCEC was used in a few studies in this thesis. In contrast 
to the on-line instruments mentioned above, which can determine only one or a few chemical 
species, the Aerosol Mass Spectrometer (AMS; Jayne et al. 2000, Allan et al., 2003) and the 
Aerosol Chemical Speciation Monitor (ACSM; Ng et al., 2011a) made it possible to study the 
overall chemical composition of aerosol with a time resolution ranging from seconds (AMS) to 
roughly 30 minutes (ACSM). Standard AMS and ACSM measure the mass concentrations of non-
refractory submicron aerosols (i.e. sulphate, ammonium nitrate, chloride and POM) that are 
vaporised under 600 °C. The difference between ACSM and AMS is that AMS is able to measure 
also the size distributions of chemical species. POM is calculated on the basis of mass spectra of the 
fragments from different organic compounds. The organic mass spectra can be used further to 
analyse particles’ sources and oxidation states, as explained later in more detail. Sea salt or mineral 
dust particles cannot be quantitatively determined because most of them are outside of the 
instruments’ measured size range (above about 1 µm) and are non-volatile at 600 °C. ACSM was 
used in this thesis during one study containing four different measurement periods and sites.  
 
Real-time BC measurements are performed by using optical methods, which measure the 
attenuation of light through a loaded filter. Commonly used instrumentation includes the 
aethalometer (Magee Scientific, Berkeley, USA, Hansen et al., 1984), the particle soot absorption 
photometer, (Bond et al., 1999) and the multi-angle absorption photometer (MAAP, Petzold and 
Schönlinner, 2004). The aethalometer and MAAP were used in a few field experiments in this 
thesis.  
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Figure 5. Typical methods for on-line identification of fine particles. Solid bluish boxes describe the 
analytical methods used in this thesis. 
 
3.5.3. Sampling system and artefacts 
 
Besides accurate analytical methods for resolving the chemical composition of fine particles, one 
crucial issue is to sample particles in a representative way and understand the sampling artefacts. 
An ideal aerosol sampling system allows an undisturbed and known sample flow from the 
environment to the instrumentation with controlled particle size, while preventing condensation or 
excessive moisture from the sampled aerosol and minimising particle losses. The particle size 
selection is typically carried out by using cyclones and impactor stages to cut off particles above the 
wanted aerodynamic size, such as 10 µm, 2.5 µm and 1 µm in PM10, PM2.5 or PM1, respectively. 
The aerosol sampling system should also minimise the evaporation of volatile or semivolatile 
particulate species and prevent the gaseous components’ absorption/adsorption into/onto sampled 
particles or sampling substrates, e.g. filters.  
During the sampling, different processes may alter the original ambient conditions of the aerosol, 
leading to sampling artefacts. Such processes could include inter-particle interactions, gas-particle 
interactions and dissociation of semivolatile species. The errors and uncertainties in filter and 
impactor collections have been extensively studied during the last decades (e.g. Hering and Cass 
1999, Pathak and Chan 2005, Viana et al., 2006; Wang and John, 1988). For semivolatile chemical 
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species, such as ammonium nitrate and some organic species, interference may originate from both 
the adsorption/absorption of gases onto the filters or into sampled particles and the volatilisation of 
particles from the filters during sampling, transport or storage. These two artefacts may cancel each 
other to a certain degree, but filter measurements have shown that positive artefacts usually 
dominate in OC measurements, whereas for nitrate, negative artefacts are more significant than 
positive ones (Turpin et al, 1994; Hering and Cass, 1999). The evaporation losses of ammonium 
nitrate or the adsorptions of gases on certain substrates like PTFE or polycarbonate membrane are 
lower for impactors than for filter sampling (Wang and John, 1988; Hering et al., 1997). 
 
In order to avoid sampling artefacts, denuders with filter pack systems are used to absorb interfering 
gases prior to the particle collection and to collect the evaporated PM species with a backup filter. 
The removal of the gas phase can disturb the gas–particle equilibrium, driving the volatilisation of 
particulate material from the filter. In the case of OC, the use of denuders has been estimated to 
increase the evaporation of OC from the filters by 10–16%; however, evaporated OC can be 
captured using additional quartz fibre or impregnated backup filters (Watson et al., 2009; 
Subramanian et al., 2004). Nitrate loss from denuded nylon filters has been demonstrated to be 
negligible but the loss of ammonium is considerable (10–28%), and an additional acid-coated filter 
or denuder is needed to capture ammonia (Yu et al., 2006). However, the preparation and 
subsequent chemical analyses of the denuders and back filters are tedious and time consuming. 
Thus, samplings with single filters and filter pack systems without denuders are common, but in 
that case the sampling artefacts of (semi)volatile species should be noted.  
 
While on-line methods do not suffer from losses or contamination during storage like off-line 
methods they may have some similar sampling artefacts as the off-line methods, such as positive 
artefacts for OC, in case the on-line method is also based on the filter collection like SC-OCEC. In 
addition, when using short integration times—as the on-line methods typically have—and relatively 
low flow rates, the mass concentrations may be too low for quantitative detection. In contrast to the 
positive artefacts in SC-OCEC, the PILS-IC has volatilisation losses for ammonium and also losses 
in the liquid sampling line (20%, Takegawa et al., 2005; Timonen et al., 2010). In addition, PILS-IC 
does not have full data coverage over the measurement cycle. Depending on the size of the loop, the 
flow rate of the transport liquid and the analytical method used, the data coverage is 40–100%.  
Similarly, data coverage for SC-OCEC is 60–85%, depending on the ratio of the sampling and 
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analysis time. On-line methods may have also some issues affecting the accuracy of the data. For 
example, the collection efficiency (CE) of the AMS and ACSM is not 100%; rather, it is estimated 
on the basis of the chemical composition of the particles and the relative humidity of the sample air 
(Middlebrook et al., 2012). CE typically varies around 50% and may have a significant effect on the 
measured mass concentrations. AMS and ACSM also have some uncertainties in estimating the 
ionisation efficiency for chemical species, especially for organic species. At the moment, only a 
single relative ionisation value (RIE) is used for all organic species, despite their varying molecular 
structure, although different values have been presented for simple hydrocarbons and more oxidised 
organic molecules based on laboratory experiments (Allan et al., 2003). Also, ambient studies have 
shown that the RIE for POM might depend on the source of the POM (Budisulistiorini et al., 2014). 
 
3.6. Source apportionment methods 
 
Source apportionment methods for PM can be based on either receptor modelling or the 
combination of emissions inventories and dispersion modelling. The latter approach needs reliable 
knowledge of the emission sources and volumes, which may be inadequate or unavailable for the 
environment under evaluation. Receptor modelling is based on statistical analysis of pollutant 
concentrations measured at a sampling site. It resolves the source types and estimates their 
contributions to the measured concentrations. Receptor modelling can further be divided to different 
approaches like 1) enrichment factor analysis, in which the ratio of measured chemical components 
is compared to the reference material (e.g. particle composition versus crustal abundance, Lin et al., 
2015); 2) the tracer-based method, which can distinguish for example, fossil from non-fossil carbon 
in PM using the ratio of 
14
C and 
12
C (e.g. Szidat et al., 2007); 3) chemical mass balance (CMB), in 
which source profiles are known and compared with the measured species at the site (e.g. Yin et al., 
2010); 4) principal component analysis (e.g. Lin et al., 2015); 5) positive matrix factorisation (PMF, 
Paatero, 1997); and 6) the multilinear engine algorithm (ME-2), which is the combination of PMF 
and CMB (Lanz et al., 2008). The latter is used in this thesis and is explained more closely below. 
 
ME-2 with a custom software tool has especially been developed to identify the sources of POM 
measured with an ACSM (Canonaco et al., 2013). The most common factors for POM, obtained 
with ME-2 or PMF from the ACSM or AMS data, are a) hydrocarbon-like organic aerosol (HOA), 
which is considered to represent POA from fossil fuel combustion i.e. traffic; b) cooking-related 
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organic aerosol, which has spectral features similar to those of POA from fossil fuel combustion 
and a distinctive diurnal pattern; c) biomass burning organic aerosol (BBOA) correlated with 
biomass burning emission tracers and elevated peaks at a mass-to-charge ratio (m/z) of 60 and 73 in 
the mass spectra; d) low volatile oxidised organic aerosol (LV-OOA), which is interpreted as a 
surrogate for regional and long-range transported, aged POM; and e) semivolatile oxidised organic 
aerosol (SV-OOA), which is interpreted as a surrogate for less photochemically aged POM (Zhang 
et al., 2011). 
 
4. EXPERIMENTAL 
 
4.1. Measurements sites 
 
In this thesis, the chemical composition of fine particles was examined in various environments 
with different temporal resolutions. Year-round off-line PM1 measurements were conducted at the 
rural SMEAR II site (SMEAR: Station for Measuring Ecosystem-Atmosphere Relationships) in 
Hyytiälä, Finland, and at the urban background site (SMEAR III) in Helsinki, Finland (Paper IV). 
In addition to off-line methods, on-line methods were also used at SMEAR III (Paper V). Half-year 
measurements with different off-line methods and sampling time durations were also carried out at 
an urban background site in Kotka, Finland, with simultaneous measurement at SMEAR III in 
Helsinki (Paper I). Furthermore, this thesis contains short-term on-line measurements conducted in 
different areas in Helsinki (Paper II) and off-line measurements conducted a rural area (savannah) 
in South Africa (Paper III). The details of the sites and periods are given in Table 1 and briefly 
described below.  
 
Urban sites: 
SMEAR III is located on a small hill 5 km northeast from the centre of Helsinki and 150 m east 
from a densely trafficked road (60 000 vehicles/day) (Järvi et al., 2009).  
 
Kotka is located on the northern coast of the Gulf of Finland, 130 km east of Helsinki. A six-month 
field campaign was carried out in a central urban background location at a schoolyard surrounded 
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mainly by three-storey apartment buildings at a distance of 15–30 m from the station. The nearest 
slow-traffic road was situated 15 m away from the station.  
 
The Residential I site was situated approximately 20 km northeast from downtown Helsinki. The 
site was surrounded by detached houses. No major roads went through the area, and the nearest 
motorway was approximately 1.2 km east of the site.  
 
The Residential II site was situated in a low-lying area of detached housing approximately 20 km 
west from downtown Helsinki. No main roads ran through the area. The closest highway was 
situated approximately 3 km south of the site.  
 
The Curbside site was situated in downtown Helsinki beside a moderately trafficked road (23000 
vehicles/working day). The constant rows of buildings on both sides of the road affected the 
dispersion of the aerosols, although one big crossing was close to the site.  
 
The Highway site was situated near a heavily trafficked highway (5 m from the edge of the first 
lane), which is the inner ring road around Helsinki, approximately 10 km from downtown Helsinki. 
The traffic density was approximately 69 000 vehicles/working day.  
 
Rural sites: 
SMEAR II is located in a rural area of Southern Finland, Hyytiälä, within a boreal forest. Tampere 
(population 213 000) is the closest larger town, 50–60 km south-west of the station. The station has 
an extensive set of continuing atmospheric measurements (Kulmala et al., 2001). 
 
Botsalano game reserve in North West Province, South Africa, was equipped with a mobile station 
for atmospheric measurement (Laakso et al., 2008). This setting can be considered a dry savannah 
regional background site, with no major local anthropogenic sources.  
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Table 1. Sites and periods of the ambient measurements used in this thesis. 
Country City/locality, site Site type Measurement period Paper 
Finland Helsinki, SMEAR III Urban background 14 Nov. 2004–12 May 2005 I 
   9 Feb. 2006–28 Feb. 2007 V 
   14 Feb. 2007–18 Feb. 2008 IV 
Finland Kotka Urban background 14 Nov. 2004–12 May 2005 I 
Finland Helsinki Residential 17 Feb.–16 March 2011 II 
Finland Espoo Residential 12 Jan.–28 Feb. 2012 II 
Finland Helsinki Curbside 1 Dec. 2010–7 Jan. 2011 II 
Finland Helsinki Highway 18 Oct.–5 Nov. 2012 II 
Finland Hyytiälä, SMEAR II Rural background 14 Feb. 2007–18  Feb. 2008 IV 
South Africa Botsalano Rural background 9–15 Oct. 2007 III 
   30 Jan.–5 Feb. 2008 III 
 
4.2. Off-line measurements 
 
Several off-line sampling methods were used in this thesis. The main sampling methods are 
compiled in Table 2 and briefly presented below.  
 
Table 2. Sampling methods used in this thesis. UBG: urban background 
Sampling method Sampling duration Substrate Site Paper 
EPA WINS 24 h PTFE Kotka, UBG I 
VI-1 4 day PTFE Kotka, UBG I 
VI-2 4 day PTFE+nylon Kotka, UBG I 
VI-3 4 day 2×quarzt fibre Kotka, UBG I 
Filter cassette 24 h/72 h 2×quartz fibre SMEAR III, UBG I, IV,V 
Filter cassette 24 h/72 h 2×quartz fibre SMEAR II, rural IV 
BLPI  4 day Aluminium foil Kotka, UBG I 
MOUDI 72 h Aluminium foil SMEAR III, UBG V 
Dekati PM10 24 h Quartz fibre South Africa, rural III 
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4.2.1. Sampling techniques 
 
An EPA (Environmental Protecting Agency, USA) well impactor ninety-six (WINS, Peters et al., 
2001) sampler was used to collect 24-h PM2.5 particles at a flow rate of 16.7 l min
-1
 on a daily basis. 
Particles with Da > 2.5 µm were impacted into the oiled surface and particles with Da < 2.5 µm 
were collected in prewashed PTFE filters (ø 47 mm, pore size 3 µm, Millipore Ireland B.V., 
Carrigtwohill, Ireland). The EPA-WINS sampler was used in a six-month campaign conducted at an 
urban background site in Kotka, Finland (Paper I). 
 
A virtual impactor (VI, Loo and Cork, 1988) classifies particles in two size ranges: fine (PM2.5) and 
coarse (PM2.5–10, 2.5 µm < Da < 10 µm). After a PM10 inlet, discriminate particles larger than 10 
µm, sample air (16.67 l min
-1
) is divided into two flows: the major flow (15.03 l min
-1
), which only 
carries fine particles, and the minor flow (1.67 l min
-1
), which carries all of the coarse particles and 
10% of the fine particles. Both flows are filtered resulting in two particle size fractions in separate 
filters. Three VIs were used in the six-month campaign at the urban background site in Kotka, 
Finland (Paper I). The pre-washed PTFE filters (same type as in EPA-WINS) were used in two of 
the VI units, whereas the third VI was loaded with two quartz fibre filters (ø 47 mm, Whatman 
QMA, Maidstone, UK). This tandem quartz filter method was used to estimate and correct the 
positive artefacts caused by the adsorption of gaseous organic compounds on the filters. One VI had 
a nylon (ø 47 mm, Nylasorb 1.0µm, Ann Arbor, MI, USA) backup filter behind the PTFE-filter to 
capture HNO3, which is formed when NH4NO3 is evaporated from the loaded filter and 
decomposed into HNO3 and NH3. VI was used to collect four-day (from Monday to Friday) 
samples. 
 
Filter cassette systems (Pall Life Sciences) were used to collect submicron particles using two pre-
heated quartz fibre filters (Ø 47 mm Tissuquartz, PALL or Whatmann QMA) placed in series. The 
four upper stages of a Berner low pressure impactor (BLPI; Berner and Lürzer, 1980, described 
later) were used to cut off supermicron particles. The sampling duration was mainly 24 h on 
working days and 72 h from Friday to Monday. The filter cassette system was used at SMEAR II 
(Paper IV) and at SMEAR III (Papers I, IV and V). 
 
The BLPI (Berner and Lürzer, 1980) is a cascade impactor that divides particles into ten size 
fractions. The aerodynamic 50% cut-off diameters (corresponding to 50% collection efficiency) are 
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7.5, 3.5, 1.8, 0.94, 0.53, 0.32, 0.16, 0.093, 0.067 and 0.035 µm (Hillamo and Kauppinen, 1991). 
Four-day (from Monday to Friday) samples were collected at a flow rate of 25 l min
-1
. The substrate 
material was aluminium foil greased with Apiezon L vacuum grease. The BLPI was used in the six-
month campaign conducted at the urban background site in Kotka, Finland (Paper I). 
 
The micro-orifice uniform deposit impactor (MOUDI) is also a cascade impactor that divides 
particles into nine size fractions, with the cut-off diameters of the impactor stages being 5.6, 3.2, 
1.8, 1.0, 0.56, 0.32, 0.18, 0.10 and 0.056 μm (Marple et al., 1991). It has much higher absolute stage 
pressures than low pressure impactors, which is expected to reduce, though not necessarily 
eliminate, losses of semivolatile material. The duration of each MOUDI collection was typically 72 
h, the flow rate was 30 l min
-1
 and the material of the substrates was aluminium foil. The MOUDI 
was used at SMEAR III in 2006–2007 and its results are briefly presented in Paper V. 
 
The Dekati PM10 impactor is a three-stage cascade impactor that separates particles into four 
different size fractions, with the impactor cut points at 10, 2.5 and 1 µm. The particles in the Dekati 
impactor were collected using Ø 25 mm quartz fibre filters (Tissuquartz, PALL) in three impactor 
stages (Da > 1 µm), whereas particles smaller than 1 μm diameter were collected on the same filter 
material  but with a larger diameter filter (Ø 47 mm quartz fibre filter). The sampling flow rate was 
30 l min
-1
, and the sampling duration was typically approximately 24 h. The Dekati PM10 impactor 
was used at the rural savannah site in South Africa for two short campaigns in 2007 and 2008 
(Paper III). 
 
4.2.2. Chemical analyses 
 
The sample treatment and analytical techniques for fine PM are presented in this section. Table 3 
compiles the instruments used and the descriptions of the methods can also be found in Papers I–V. 
Except for trace elements, all of the chemical analyses were conducted at the Finnish 
Meteorological Institute.  
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Table 3. Off-line chemical and physical analyses used in this thesis.  
Instrument Determined component Paper 
OCEC analyser OC, EC I, III–V 
IC SO4
2-, NO3
-, Cl-, oxalate, Na+, NH4
+, K+, Mg2+, Ca2+ I, III, V 
HPAEC-MS Monosaccharide anhydrides (e.g.levoglucosan) II, III  
LC-MS Monosaccharide anhydrides (e.g.levoglucosan)  I 
TOC-VCPH WSOC V 
EDXRF Al, Br, Ca, Cl, Cu, Fe, K, Mn, Ni, P, Pb, Rb, S, Si, Sr, Ti, V, Zn I 
SSR BC I 
microbalance Gravimetric mass I, V 
 
4.2.2.1. Carbonaceous fraction 
   
The concentrations of particulate OC and EC were analysed using a thermal-optical OCEC aerosol 
analyser (Sunset Laboratory Inc., Tigard, OR, US, Birch and Cary, 1996). The thermal analytical 
technique splits carbon into fractions according to their volatility. In the first stage, OC is desorbed 
from the quartz fibre filter through progressive heating under a pure He stream. However, a fraction 
of OC chars and forms pyrolysed OC during that stage. In the second phase, the sample is heated in 
temperature steps under a mixture of 90% He–10% O2 (HeOx phase), during which pyrolysed 
organic and EC are desorbed. In order to correct for the pyrolysis effect, the analyser measures the 
transmittance of a 658 nm laser beam through the filter media. The split point, which separates OC 
and pyrolysed OC from EC, is determined as a point when the laser signal returns to its initial value. 
After being vaporised in several temperature steps, OC, EC and pyrolysed OC are catalytically 
converted first to CO2 and then to CH4, which is quantified with a flame ionisation detector. At the 
end of each analysis, a fixed volume of calibration gas (5% CH4 in helium) is injected into the 
instrument to correct possible variations in the analyser’s performance.  
 
The operating parameters of the OCEC aerosol analyser vary depending on the thermal protocol 
used during the analysis. In this thesis, modified NIOSH (Papers I and V), EUSAAR_1 (Papers III 
and IV) and EUSAAR_2 (Paper III) protocols were used (Table 4, Cavalli et al., 2010). The 
EUSAAR-2 protocol differs from the EUSAAR-1 protocol by having more temperature steps 
during the HeOx phase, which  improves the determination of the split between OC and EC. The 
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helium phase is equal in both EUSAAR protocols. The modified NIOSH protocol clearly has higher 
temperatures in the helium phase than the EUSAAR protocols. 
 
Table 4. Temperature protocols used to analyse samples in this thesis. 
 mod NIOS EUSAAR-1 EUSAAR-2 
step T, duration (°C, s) T, duration (°C, s) T, duration (°C, s) 
He1 310, 90 200, 180 200, 180 
He2 475, 90 300, 180 300, 180 
He3 615, 90 450, 180 450, 180 
He4 800, 90 650, 180 650, 180 
HeOx1 550, 45 550, 240 500, 120 
HeOx2 625, 45 850, 120 550, 120 
HeOx3 700, 45  700, 70 
HeOx4 775, 45  850, 80 
HeOx5 850, 45   
HeOx6 890, 120   
HeOx: mixture of 10% oxygen in helium 
 
BC was analysed from the EPA-WINS samples using a smoke stain reflectometer (Model M34D, 
Diffusion Systems, London, UK) in Paper I. The average reflectance of two measurements was 
converted into the adsorption coefficient, following the guidance in ISO9835 (1993). Finally, the 
absorption coefficient was converted into BC using a correlation analysis between filter blackness 
measurements and corresponding aethalometer readings.  
 
4.2.2.2. Ions 
 
Selected inorganic ions (sulphate, nitrate, chloride, sodium, ammonium, potassium, magnesium and 
calcium) and oxalate were analysed using a Dionex IC (DX-500 or ICS-3000, Dionex, Sunnyvale, 
USA) with a conductivity detector. An AS11 or AS17 column was used to separate anions, and the 
eluent was either NaOH or KOH. For cations, the column was either CS12 or CS12A, with an 
eluent of methane sulphonic acid. Chemically (Paper I) or electrolytically (Papers III–V) 
regenerated suppressors were used to decrease the background signal and increase the signal of the 
analyte. The substrates (PTFE, Nylasorb, quartz fibre, aluminium foils) were extracted with 
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deionised water (Milli-Q Gradient A10, Millipore, Billerica, MA, USA) before the analyses. Before 
the water extraction, the PTFE filters used at the urban background site in Kotka (Paper I) were first 
wetted with a small amount of methanol to reduce the hydrophobic effect of the material. The 
sample solutions were filtered before analysis to remove insoluble material. The total volume of the 
extract was typically 5 or 10 ml.  
 
4.2.2.3. Monosaccharide anhydrides 
 
Monosaccharide anhydrides (MAs), such as levoglucosan, mannosan and galactosan, were analysed 
using a Dionex ICS-3000 system coupled to a quadrupole mass spectrometer (Dionex MSQ™). The 
analytes were separated using a Dionex CarboPac™ PA10 column, an electrolytically regenerated 
suppressor and a KOH eluent. A mass spectrometer with electrospray ionisation was used to detect 
MAs. The samples for the MA analyses were extracted with Milli-Q water similarly to the method 
used for ions. A detailed description of the HPAEC-MS method is presented by Saarnio et al. 
(2010a). The MAs were analysed using the HPAEC-MS method in Papers II and III, whereas in 
Paper I, the MAs were analysed using LC coupled with an ion trap mass spectrometer (Agilent 
Technologies SL, Santa Clara, CA, USA, Dye and Yttri, 2005). Two Atlantis (150 mm, Waters, 
Milford, MA, USA) columns were used in series to separate different isomers of MAs. The eluent 
was deionised water (Milli-Q Gradient A10, Millipore, Billerica, MA, USA). In the LC-MS 
analysis, the samples were extracted with a 2-mL mixture of tetrahydrofuran and water (1:1) in an 
ultrasonic bath for 30 min. The sample solutions were filtered before the analyses.  
 
4.2.2.4. Water-soluble organic carbon 
 
In Paper V, WSOC was analysed using the total organic carbon analyser with a high sensitivity 
catalyst (TOC-VCPH, Shimadzu). The substrates (quartz fibres or aluminium foils) were extracted 
with deionised water (15 ml, Milli-Q Gradient A10, Millipore, Billerica, MA, USA) and the sample 
solutions were filtered before analysis. The extractions were acidified and bubbled with helium to 
remove inorganic carbon (carbonates, hydrogen carbonates and dissolved carbon dioxide) before 
they were injected into an oven. In the oven, the carbon was catalytically oxidised to CO2 at 680°C, 
and the CO2 produced was detected by a sensitive NDIR-detector. A detailed description of the 
analytical method is presented in the paper by Timonen et al. (2008b). 
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4.2.2.5. Trace elements 
 
The concentrations of trace elements (Al, Br, Ca, Cl, Cu, Fe, K, Mn, Ni, P, Pb, Rb, S, Si, Sr, Ti, V 
and Zn) were analysed using an energy dispersive X-ray fluorescence (EDXRF, Tracor Spectrace 
5000). The PTFE substrates were excited by radiating them with a low-power Rh-anode X-ray tube, 
and the characteristic X-ray radiation was detected with a Si(Li) detector. The measured intensities 
were converted into elemental concentrations. EDXRF is particularly well suited for fast, non-
destructive, sensitive and multi-elemental analysis of ambient aerosols. The results of the trace 
metal analysis were utilised briefly in Paper I.  
 
4.2.3. Gravimetric method 
 
The PTFE filters (Paper I) and aluminium foils (Paper V) were weighed with a Mettler M3 
microbalance (Mettler Instrumente AG, Zurich, Switzerland) that had a resolution of 1 µg. The 
samples were allowed to stabilise on the weighing bench for 30–60 min before being weighed. As 
the measured masses, especially for the impactor substrates, are typically quite small, the relative 
humidity, temperature and pressure of the ambient air and the static charge of the sample can have a 
significant role. The temperature and relative humidity were recorded, but not adjusted, and the 
electrostatic charges of the filters were eliminated with Po-210 radioactive sources. Each filter was 
weighed twice and the criterion for valid weighing was that the mass readings were within 2 μg of 
each other. The weighing was repeated if the criterion was not fulfilled. 
 
4.3. On-line measurements 
 
A description of the on-line measurements used in this thesis to investigate the chemical 
composition and physical properties of fine particles is presented in this section and in Papers I–V. 
The information about the instruments used is compiled in Table 5. 
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Table 5. On-line instruments of measuring particles in this thesis.  
Instrument Determined component Paper 
SC-OCEC  OC, EC, BC I, IV, V 
PILS-IC Cl–, NO3
–, SO4
2–, Na+, NH4
+, K+, oxalate, MSA V 
ACSM POM, Cl–, NO3
–, SO4
2–,NH4
+ II  
MAAP BC  II 
Aethalometer BC I, V 
TEOM Gravimetric mass (PM2.5) II 
TEOM+FDMS Gravimetric mass (volatile and non-volatile) I, V 
FH 62 I-R Gravimetric mass by ß-attenuation  I, II 
SHARP Gravimetric mass by light scattering and ß-attenuation II 
DMPS Size distribution of particle (PM1) III, IV 
 
4.3.1 Organic and elemental carbon 
 
A SC-OCEC (Sunset Laboratory Inc., Oregon, US) was used to measure the concentrations of OC 
and EC on-line. The operation of a SC-OCEC is quite similar to that of the thermal-optical OCEC 
aerosol analyser used for the filters, described earlier in Section 4.2.2.1. In short, SC-OCEC collects 
a particle sample on a quartz filter located in the quartz oven. After the sampling period, the 
deposited particles are heated in a helium and HeOx-phase atmosphere in the oven. The vaporised 
carbon compounds formed in the oven are purged to a MnO2 catalyst, where they are further 
oxidised to carbon dioxide and quantified with a non-dispersive infrared (NDIR) detector. At the 
end of each analysis, an external standard was automatically injected through the system to correct 
possible variations in the instrument’s performance.  
 
The sample flow of the SC-OCEC was 9 l min
–1
, and a cyclone was used to cut off particles with Da 
> 1 μm prior to the sampling. A parallel plate carbon denuder (Sunset Laboratory Inc., OR, US) was 
used in-line before the instrument to remove organic gases. The time resolution was either two or 
three hours, and consisted of 100–160 minutes of sample collection and 20 minutes of sample 
analysis. An instrumental blank, which consisted of two minutes of sampling and subsequent 
analysis, was taken every night. In addition to the thermally determined OC and EC, the instrument 
also measured refractory carbon optically (denoted as BC) with the laser (660 nm). The time 
resolution for the BC was one minute.  
41 
 
 
 
 
4.3.2. Ions 
 
The main inorganic ions were analysed on-line using the PILS-IC (Paper V). The operation 
principles of the PILS are described in detail in Orsini et al. (2003). Briefly, particles and water 
steam are simultaneously fed into the PILS, where particles grow by water supersaturation as they 
move across a conical shape cavity surrounded by passive cooling elements. At the other end of the 
cavity, the grown particles impact a quartz-glass surface. The surface is rinsed with a flow of water 
(Milli-Q Gradient A10, Millipore, Billerica, MA, USA) containing a known concentration of 
lithium fluoride (LiF) as an internal standard. Liquid from the PILS was directly fed into the 1 000 
μl loops of two ICs, one for anions and the other one for cations (Dionex ICS-2000, Dionex, 
Sunnyvale, CA, USA). With the PILS-IC system, the concentrations of Cl
–
, NO3
–
, SO4
2–
, Na
+
, 
NH4
+
, K
+
, oxalate and methane sulphonate (MSA) could be determined with a 15-min time 
resolution.  
 
A VI modified from the design of Loo and Cork (1988), with a cut-off size of 1.3 μm was used to 
cut off the coarse particles upstream of the PILS measurements. Gaseous compounds (ammonia and 
acidic gases) were removed before the PILS measurements with three annular denuders (one coated 
with 3% phosphoric acid and two with 1% potassium hydroxide). The denuders were changed every 
second week to ensure that all gaseous compounds were effectively removed. 
 
4.3.3. Non-refractory chemical species 
 
An ACSM (Aerodyne Research Inc., Ng et al., 2011a) was used to determine the mass concentrations 
of non-refractory sub-micron aerosol species (POM, nitrate, sulphate, ammonium and chloride). The 
instrument consists of a particle sampling inlet, three vacuum chambers and a residual gas analyser 
mass spectrometer. In the particle sampling inlet, particles are focussed into a narrow particle beam 
using an aerodynamic lens system. After being transmitted through the chambers, the beam is 
directed into a hot tungsten oven (~600 °C) where the particles are flash-vaporised, ionised with a 
70-eV electron impact ioniser and detected with a quadrupole mass spectrometer. Particle-laden and 
particle-free air is sampled interchangeably to determine the contribution of the gas-phase 
components to the total signal. In this thesis, ACSM data were averaged over ~30-min intervals for 
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each measurement point. A collection efficiency value of 0.5 was used in this study to account for 
the particle losses in the instrument. The data acquisition software provided by the manufacturer 
was used to process the data to obtain the total organic and inorganic (i.e., SO4
2−
, NO3
−
, NH4
+
, and 
Cl
−
) particle mass concentrations. Ng et al. (2011a) discuss the calculation of the concentrations 
from the ACSM data in further detail. The comparison of ACSM to different instruments has been 
widely studied in the paper of Budisulistiorini et al. (2014). 
 
4.3.4. Black carbon 
 
BC concentration was measured using a MAAP (Thermo Electron Corporation, Model 5012) in Paper 
II, an aethalometer (AE-16 or AE42-2-HP-P3, Berkeley, CA, USA) in Papers I and V, and a SC-
OCEC (see 4.3.1) in Paper IV. The MAAP determines the absorption coefficient (σAP) of the 
particles deposited onto a filter by a simultaneous measurement of transmitted and backscattered 
light. The backscattered light is measured to correct the scattering effects of the aerosols on the 
filter. The instrument uses a wavelength of 637 nm, as determined by Müller et al. (2011). The σAP 
is converted to BC mass concentrations by using the mass absorption cross section of 6.6 m
2
 g
-1
 
(Petzold and Schönlinner, 2004). The aethalometer uses a wavelength of 880 nm to measure the 
attenuation of light through the filter, which for atmospheric fine particles is mainly due to BC. The 
light attenuation changes due to the absorption of particles onto the filter. BC mass concentrations 
are calculated from the attenuation coefficient using the default mass absorption cross section of 
16.6 m
2
 g
−1
 (Hansen et al., 1984). The inlet cut point for the MAAP was 1 µm (PM1) and for the 
aethalometer 2.5 µm (PM2.5). 
 
4.3.5. Mass concentrations  
 
PM2.5 mass concentrations were measured with monitors based on β-attenuation (FH 62 I-R, Thermo 
Fisher, USA), a combination of light-scattering and β-attenuation (SHARP 5030, Thermo Fisher, 
USA) or a tapered element oscillating microbalance technique (TEOM 1400ab or 1400A, Thermo 
Fisher, USA).  
 
The attenuation of β-rays (Kr-85 source) by a filter in the FH 62 I-R monitor is directly related to 
the amount of mass on the filter. The inlet is heated to 35 °C to avoid water condensation on the 
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filter. This process not only leads to the loss of water, but certain semivolatile compounds such as 
ammonium nitrate can also evaporate. This monitor was used in Papers I and II.  
 
A SHARP monitor combines light-scattering photometry and β-attenuation (C-14 source) in one 
instrument. Similar to the FH 62 I-R monitor, the sample tube was heated (35 °C) to avoid 
condensation. This monitor was used in Paper II.  
 
The TEOM technique is used to measure the mass concentration of PM in the air. The change in the 
oscillation frequency over time is used to directly measure the accumulation of mass on the filter 
located on the top of the tapered oscillating glass rod. In line with other mass monitors, the sample 
tube of TEOM was heated (30 °C). A TEOM 1400ab was used in Paper II, and a TEOM 1400a 
equipped with a Filter Dynamics Measurement System (FDMS) was used in Papers I and V. The 
FDMS TEOM first measures the non-volatile mass of particles that have passed through a drier. 
After this, the semivolatile portion of the sample is independently measured from the total incoming 
sample by using a filter to remove particles. The combination of TEOM and FDMS can therefore 
measure both the volatile and non-volatile particles. To ensure equivalent results, the PM2.5 
monitoring data from different instruments were corrected using empirical calibration equations 
according to European standards (Waldén et al., 2010). 
 
The mass concentration of PM1 was measured indirectly in Papers III and IV using a Differential 
Mobility Particle Sizer (DMPS; a Hauke-type Differential Mobility Analysers and TSI model 3025 
and 3010 Condensation Particle Counters), which measured the distribution of particle numbers by 
size. The particle number concentration of each DMPS size channel was converted to a volume 
concentration assuming spherical particles, multiplied by the estimated particle density and summed 
to obtain the total mass concentration of particles below 840 nm. The particle density value was 
calculated from the analysed chemical composition for each sample using an approach suggested by 
Saarnio et al. (2010b) and  varied from 1.38 to 1.75 g cm
-3
 (Paper III), or using the particle density 
value of 1.48 g cm
-3
 obtained from Saarnio et al. (2010b, Paper IV).  
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4.4. Data analysis methods 
 
The data obtained from the off- and on-line measurements were treated using two methods: source 
analysis of POM (Paper II) and chemical mass closure of fine particles (Paper I). The sources and 
characteristics of POM were investigated using ME-2 and the custom software tool SoFi (version 4.6, 
Canonaco et al., 2013). By using the source apportionment method, POM can be divided into factors 
representing different particle sources, such as engine emissions from traffic, biomass burning and 
cooking, or into factors that represent components with similar chemical characteristics, such as LV- 
and SV-OOA. In ME-2, the user can constrain the factor profiles and/or time series to a chosen 
extent. Constraining is typically used if the environmentally reasonable number of factors are not 
satisfactory separated from each other. When using constraints, users input prior information about 
known factor profile(s) (and/or time series) to the program. The resolved factor is allowed to vary 
from the reference one (input) based on the a-value. For example, if a = 0.1 when constraining a 
mass spectral profile, all of the m/zs in the fit profile can vary by as much as −10% to +10% of the 
input mass spectrum profile. According to the source apportionment guidelines of ME-2, a reference 
HOA mass spectrum should be constrained first, if the constraint is needed (Crippa et al., 2014). 
Both unconstrained and constrained (a = 0.1) factor profiles were used in Paper II.  
 
The number of factors in the dataset is unknown, and the final number of factors is defined by the 
user in ME-2. The number of factors is selected based on the unexplained variation, changes in the Q-
value (the total sum of the squares of the scaled residuals), the comparison of mass spectra with the 
AMS mass spectra database (Ng et al., 2011b) and/or information (e.g. temporal or diurnal variation) 
on auxiliary species such as BC, inorganic ions, NOx and meteorological information. Two- and 
three-factor solutions were used in Paper II. 
 
The gravimetrically-measured particulate mass was reconstructed from the sum of analysed or 
estimated chemical components. This method, called a chemical mass closure, was used to 
determinate of the relative contribution of different components and sources to the fine particulate 
mass. In Paper I, the chemical components of fine particles were divided into five classes: 
secondary inorganic ions (ammonium, non-sea-salt sulphate and nitrate), sea salt, soil, elemental 
carbon and POM. The concentrations of sea salt and nss-SO4 were estimated from the concentration 
of sodium based on standard sea water composition (Brewer, 1975). The measured OC 
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concentration was multiplied by 1.6 to estimate the concentration of POM (Turpin and Lim, 2001), 
and the soil-related components (Si, Al, Fe, Ca and K) were calculated as their oxides (Brook et al., 
1997).  
 
5. RESULTS 
 
5.1. Chemical composition of atmospheric fine particles 
 
The average chemical compositions of the fine particles from the urban and rural environments are 
presented as pie charts in Figure 6. On average, the sums of the chemically analysed species were 
quite similar at all the sites, varying between 8 and 14 µg m
-3
. Typically, the analysed mass covered 
50–95% of the total mass determined using the gravimetric method, mass concentrations monitors 
or estimation of the number size distribution data. The analysed mass had the lowest contribution to 
the total mass at the Residential I site, but since BC was not measured there, it was not accounted 
for in the analysed mass. Usually, the main reason for the difference between the analysed and total 
mass was a difference in size fractions— the analysed mass may have had cut-off of 1 µm, whereas 
the monitored mass concentrations mainly had a cut-off at 2.5 µm. No clear seasonal variation was 
found in the concentrations of fine particle mass, but differences in the concentrations and 
contributions of individual species were detected. The highest concentrations of ions, OC and EC 
were measured during winter, but the highest contribution of OC was detected in summer.  
 
The organic fraction had the largest contribution to the total mass at all of the sites except the rural 
site in South Africa. The campaign-average concentration for POM varied from 3.5 to 6.4 µg m
-3
,
 
constituting 39–55% of the analysed components. In South Africa, sulphate had the highest 
contribution to the total mass, followed by POM. On average, sulphate concentrations displayed 
large variation between the sites, ranging from 0.6 to 3.9 µg m
-3
,
 
corresponding to contributions 
from
 
7% to 44% of the total mass. Typically, the sum of the secondary inorganic ions and POM had 
similar contributions to the mass.  
 
Nitrate concentrations were extremely low in South Africa. Particulate nitrate was most likely 
missing because of the gas-to-particle partitioning of ammonium nitrate, as the South Africa 
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campaigns were performed in summer and spring, when the air temperature favoured ammonium 
nitrate to be mostly in its gas phase.  
 
BC constituted approximately 10% of the particle mass at the urban background sites, whereas the 
contribution was much higher (25%) at the Highway site, where engine emissions from traffic were 
large. At the rural savannah site, the contribution (3%) and concentration of BC (0.29 µg m
-3
) were 
very small.  
 
 
 
Figure 6. Chemical composition of fine particles in different environments. The results were 
compiled from Papers I, II, III and V. The cut-off of fine particles was 2.5 µm in Kotka and 1 µm at 
the other sites. BC was not measured at the Residential I site. UBG: urban background.  
 
Although the average chemical composition of fine particles seemed to be very similar at all the 
sites, at least in Finland, the temporal pattern of the different components shows that they had clear 
variations in their concentrations and mass contributions. For example, the POM concentrations and 
contributions displayed day-to-day variation ranging from 0.5 to 29.6 µg m
-3
 and from 16 to 88%, 
respectively (Papers I and V). Even larger mass concentrations were observed when analyses with 
higher time resolution were performed with on-line measurements (Papers II and V). With the on-
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line instruments, the time resolution of the chemical characterisation of the fine particles improved 
significantly, allowing detailed investigations of the emissions’ sources and the particles’ 
transformation processes. The highest mass concentrations were obtained during wildfire episodes 
in May and August 2006. Examples of the chemical composition of fine particles with different 
time resolutions are presented in Figure 7.  
   
 
 
Figure 7. Examples of the chemical composition of fine particles using on-line (upper panel) and 
off-line (lower panel) methods. The results were compiled from Papers I, II, III and V. 
48 
 
 
 
5.2. Carbonaceous fraction 
 
Particulate carbonaceous matter can be separated into OC and EC (or BC). In the urban background 
sites, 30% of the TC was in the form of EC, on average (Papers I, II, IV, V), whereas the EC 
fractions in the rural sites were clearly lower (11% and 14% in Papers III and IV, respectively) and 
was higher at at the Highway site (40%; Paper II). If the majority of OC and EC is emitted from 
primary sources, then their emission rates will be similar and the sources of carbonaceous particles 
can be roughly estimated based on the ratio of OC to EC. However, if there is more than one main 
primary source, such as traffic and biomass burning together, then the ratio of OC to EC will not be 
constant and the sources cannot be distinguished from each other. In the urban background sites, the 
main source of EC was obviously traffic. This can be seen from the diurnal variation of EC (Figure 
8), which showed the highest concentrations at times of high traffic volume (Papers II, IV and V). 
However, the comparison of the diurnal profiles of EC and NOx in different seasons showed 
evidence of additional sources beyond traffic during winter (Paper IV). In Finland, wood is 
typically used for supplementary heating in detached housing areas during cold seasons, and most 
likely the combustion of wood was an additional local source of EC during winter. OC did not have 
any diurnal trend in urban areas, but individual subcategories of POM did (Paper II). The source 
apportionment results for POM will be discussed later. The diurnal trends of EC and OC are 
presented in Figure 8.  
 
Although the interpretation of the ratio of OC to EC is not straightforward, the average ratio of OC 
to EC at the rural areas i.e. savannah site (Paper III) and SMEAR II (Paper IV), was significantly 
higher (7.5 and 9.6, respectively) than in the urban areas of Helsinki or Kotka (2.3–3.2, Papers I, II, 
IV and V). This was likely due to the large contribution of SOA to POM and the low concentrations 
of EC at the rural sites. High OC-to-EC ratios of up to 16 have also been observed in other 
rural/remote areas (Gelenchér et al., 2007; Querol et al., 2013).  
 
As already mentioned, EC forms during incomplete combustion processes and is always primary; 
thus, EC concentrations decrease with dilution, whereas SOA formation can increase OC 
concentrations and hence OC-to-EC ratios. High OC-to-EC ratios were also observed during the 
biomass-burning events (7–10, Papers I, III, V), in emission measurements of wood burning and in 
ambient wildfire smoke (6–10, Calvo et al., 2015; Saarnio et al., 2010b; Formenti et al., 2003), 
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whereas clearly lower OC-to-EC ratios (1–3) were detected for primary combustion-generated 
aerosols (Polidori et al., 2006; Querol et al., 2013). At the urban sites, the lowest average OC-to-EC 
ratio was obtained at the Highway site (Paper II), indicating large emissions of primary particles 
from traffic. The ratio of OC to EC, especially at the Highway site was lower during the daytime 
than in the early morning hours (Figure 8), when there was no traffic and the concentration of EC 
was mostly related to regional background EC. At the Highway site, OC was calculated from POM 
measured by ACSM by dividing the concentration of POM by 1.6 (Turpin and Lim, 2001). The 
average OC-to-EC ratios measured during different campaigns are collected in Figure 9.  
 
 
 
Figure 8. Diurnal variation of EC, OC and OC-to-EC ratio. OC was calculated by dividing the 
POM measured at the Residential, Highway and Curbside sites by 1.6. The results were compiled 
from Papers II, IV and V. 
  
In Paper IV, simultaneous measurements of OC and EC at the urban background site (SMEAR III) 
and the rural site (SMEAR II) showed significantly higher concentrations of OC and EC at the 
urban site. However, the concentrations of OC had a high correlation between the sites (Pearson 
correlation coefficient R=0.9). Also, a high correlation in daily PM2.5 mass concentrations was 
obtained between Kotka and Helsinki in Finland, suggesting that the air masses were well mixed 
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over a large area of southern Finland (Paper I). There were no clear seasonal variations in the OC 
concentrations at the SMEAR sites, although for both sites, the concentrations were somewhat 
higher in winter than in summer. EC had the lowest concentrations in summer. At SMEAR III in 
Helsinki, the ratio between OC and EC had no clear seasonal variation, whereas at rural SMEAR II, 
the ratio of OC to EC increased significantly during summer. This indicates a prominent formation 
of secondary biogenic organic aerosol at the rural site (SMEAR II) in summer.  
 
 
Figure 9. The average ratios of OC to EC in fine particles during the campaigns. Results are 
compiled from Papers I, III, IV and V. BB means biomass burning events (wildfires, see Figure 7). 
 
  
51 
 
 
 
5.3. Case studies 
 
5.3.1 Biomass burning 
 
In Papers I and III, biomass burning events (a forest fire and a field-burning experiment involving 
savannah grass and branches, respectively) were studied more thoroughly. During the study 
conducted at the urban background site in Kotka (Paper I), a wildfire episode originating from the 
western part of Russia was observed that lasted a total of 12 days. The highest 1-h average mass 
concentration of PM2.5 was almost 90 µg m
-3
 during the episode, which can be compared to the 
campaign mean of 11 µg m
-3.
 The contribution of POM to PM2.5 mass increased to 45–77% from its 
non-episodic average value of 37%, and the concentrations of typical biomass burning markers i.e. 
levoglucosan, potassium and oxalate, increased 3–5-fold, with respect to the campaign mean. 
Similar results, with high concentrations of POM, MAs (e.g. levoglucosan), potassium and oxalate, 
were observed at the rural site in South Africa (Paper III), where a biomass-burning experiment was 
performed. Potassium was mainly in the form of KCl, which has typically been detected in fresh 
smoke from burning savannah grass (Gao et al., 2003). The ratios of different MAs were also 
investigated in the field-burning experiment in South Africa (Paper III). Depending on the biomass 
material burned, different ratios of levoglucosan to mannosan or galactosan were produced. In the 
biomass-burning experiment, the burned material—savannah grass and branches—produced similar 
ratios of levoglucosan to mannosan (16–17) and levoglucosan to galactosan (14–17), as had been 
observed in laboratory experiments with savannah grass and acacia wood (levoglucosan/mannosan: 
22, levoglucosan/galactosan: 15, Iinuma et al., 2007). 
 
5.3.2 The impact of air mass origin 
 
The air mass backward trajectories were obtained using the NOAA HYSPLIT backward trajectory 
model (Rolph, 2016). The routes of arriving masses were studied especially in Papers III and IV. 
Either 72-h or 96-h backward air mass trajectories were calculated to arrive at every third hour 
(Paper IV) or every hour (Paper III) of sampling, with an arrival height of 100 m above the ground.  
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Figure 10. Air mass history of the ambient case studies: a) regional background, b) Waterberg 
overpass and c) Western BIC (Bushveld Igneous Complex) overpass. The abbreviations for the 
provinces are LP: Limpopo, GR: Gauteng, MP: Mpumalanga, FS: Free State, NC: Northern Cape, 
and NW: North West. The figure is slightly modified from Paper III. 
 
The influence of the air mass origin on the observed chemical composition of PM1 was studied in 
the rural site in South Africa (Paper III). Backward trajectory calculations defined well 
characterised source regions. Three different cases were chosen for detailed investigation: 1) air 
masses with a regional background, 2) air masses influenced by the coal-fired power station in 
Waterberg and 3) air masses influenced by the silicon- and platinum-group metal smelters in 
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western Bushveld Igneous Complex (BIC, Figure 10). The observed PM1 mass concentrations were 
significantly lower for the background air masses (2.9 µg m
-3
) when compared to the events, which 
contained air masses influenced by anthropogenic sources (7.6–13.4 µg m-3). The observed sulphate 
concentrations were 14 or 37 times larger when the air mass had passed over the Waterberg and 
BIC areas, respectively, when compared to the clean background air. The coal-fired power station 
in Waterberg does not remove SOx or NOx from flue gas. Therefore, the case data from the coal-
fired power station will be very valuable as a reference point when the new coal-fired power station 
with de-SOx and de-NOx technology starts to operate in the area.   
 
The influence of air mass origin on the carbonaceous fraction was studied in Paper IV, in which the 
concentrations and contributions of OC and EC were measured simultaneously at the rural site 
(SMEAR II) and the urban background site (SMEAR III). SMEAR II is located 220 km north-west 
from SMEAR III. A total of four cases were selected for further investigation (Figure 11). Three 
cases had clearly elevated OC concentrations at the rural site; during those cases, the air mass routes 
passed over the urban background site on the way to the rural site. In terms of annual averages, the 
OC concentration was 60% higher at the urban background site than at the rural site. However, 
during these events, the OC concentrations approached each other, with the difference being only 
15–20% between the sites. The main sources for OC seemed to be common for both of the sites. 
The larger OC concentrations measured at the urban background site were caused by engine 
emissions from local traffic.  
 
The fourth case contained air masses from Arctic areas that reached the rural site before reaching 
the urban background site. Typically, Arctic flows contain very clean air, which was detected as 
low concentrations of OC and EC at both sites during the fourth case. During the Arctic flow, the 
concentration differences for OC were much lower between the sites than average, but the 
contribution of local sources was still seen at the urban background site.   
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Figure 11. Air mass history at SMEAR II (rural) and SMEAR III (urban background). Case studies 
with high OC and EC concentrations (a–c), and low OC and EC concentrations (d). The OC and EC 
concentrations are in units of µg m
-3
. The figure was slightly modified from Paper IV. 
  
5.4. Source apportionment of particulate organic matter  
 
The source apportionment of POM was studied in the Helsinki metropolitan area (Paper II). Aerosol 
composition was measured using ACSM at four different sites: two of them were suburban 
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residential areas, and the other two were traffic sites, one at a downtown kerbside (Curbside site) 
and the other at a suburban highway edge (Highway site). Using the ME-2 algorithm with the 
custom software tool SoFi, a three-factor solution was found to describe the sources of POM most 
reliably at the Highway and residential sites (Residential I and II). The identified factors were HOA, 
OOA and BBOA, based on the reference mass spectra presented in the literature and by using 
auxiliary species such as BC, NOx and/or inorganic ions. The HOA factor was dominated by ions 
related to aliphatic hydrocarbons e.g. m/z 41, m/z 43, m/z 55, m/z 57, m/z 67, m/z 69, m/z, m/z 71, 
m/z 81, m/z 83 and m/z 85 (Zhang et al., 2005). HOA is typically emitted by combustion engines, 
such as from motor vehicles, and is believed to mainly come from lubricating oils (Canagaratna et 
al., 2004). HOA was correlated well with other combustion-related components, e.g. NOx and BC 
(Pearson correlation coefficients R=0.74–0.92), indicating that it was mostly related to vehicle 
emissions. Multiple studies have shown OOA to be a good surrogate for SOA, correlating well with 
secondary species (Zhang et al., 2005). The Pearson correlation coefficient between OOA and 
ammonium was 0.71–0.77. OOA at all of the sites had very high contributions of m/z 44, which is 
mainly CO2
+
 fragments, typically from the thermal decarboxylation of organic acid groups, and m/z 
18, a fragment of H2O
+
, implying the thermal breakdown of carboxylic acid on the vaporizer. The 
high contribution of these fragments indicated highly oxidised POM. The characteristic m/zs for 
BBOA are typically 29, 60 and 73, which are associated with the fragmentation of levoglucosan and 
other anhydrous sugars making them good tracers for biomass-burning emissions (Alfarra et al., 
2007). In addition to these specific fragments, BBOA had high contributions of m/z 44 and m/z 18. 
The BBOA may have been a mixture of BBOA and OOA, long-range transported BBOA, partly 
processed BBOA or an instrument-related feature (Timonen et al., 2013, Crippa et al., 2013, 
Fröhlich et al., 2015). 
  
At the Residential I and II sites, the reference spectrum for constraining the HOA factor was used to 
improve the separation between HOA and BBOA. The reference mass spectrum of HOA was taken 
from an earlier study conducted at the urban background site in Helsinki (SMEAR III, personal 
communication with Samara Carbone). BBOA could not be extracted from the data in the Curbside 
campaign. The signal at m/z 60—which is related to biomass combustion—was noisy, and its 
contribution to total POM (f60:0.4%) was very close to the background level (0.3%, Cubison et al., 
2011). The mass spectra of the individual factors were very similar at all four sites (Figure 12) and 
correlated well (Pearson correlation coefficient R= 0.92–0.98).  
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Figure 12. Mass spectra of ME-2 factors HOA, BBOA and OOA at two residential and two traffic 
sites in the Helsinki metropolitan area in Finland. The reference mass spectrum of HOA was taken 
from an earlier study and was used at the Residential I and II sites. The figure was adapted from 
Paper II. 
 
OOA had the highest contribution to POM at all of the sites (50–67%). OOA did not have any 
diurnal trend, indicating that it was mostly regionally distributed or long-range transported. The 
contribution of HOA was larger at the traffic sites than at the residential sites, as can be expected. 
The concentration of BBOA was clearly highest at the Residential I site due to local wood-burning 
emissions and concurrently observed poor vertical mixing (winter inversion). BBOA had a clear 
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dependency on temperature. The contribution of BBOA to POM increased substantially during low 
ambient temperatures, especially at the Residential I and Highway sites (Figure 13). Although the 
temperature was not very low during the Highway campaign, which was conducted in autumn, the 
contribution of BBOA to POM was significant (60–78%) as the temperature decreased below 0 °C. 
The mass concentrations and contributions of ME-2 factors studied in Paper II are presented in 
Figure 13. 
   
 
 
 
Figure 13. Mass concentrations (average) and contributions (averages and time series) of ME-2 
factors in Helsinki metropolitan area, Finland. The black lines represent the ambient temperature in 
the lower panel. The figure was adapted from Paper II. 
 
6. REVIEW OF THE PAPERS AND AUTHOR’S CONTRIBUTION 
 
Paper I describes the chemical characterisation of the urban PM analysed with different on-line and 
off-line methods. This study was conducted from November 2005 to May 2006 in Kotka, Finland. 
The campaign was a part of multidisciplinary HIPPU study, in which, a personal exposure study 
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among ischemic heart disease patients, a toxicological cell study and an epidemiological panel were 
utilised, in addition to the detailed chemical composition of the particles. I handled the samples and 
performed the chemical analysis of the particles (ions, OC and EC), except for the analyses of the 
MAs and trace metals. I was responsible for analysing the PM composition data and writing the 
article. 
 
Paper II presents the chemical composition of the submicron particles and the sources of POM in 
the Helsinki metropolitan area using a relatively new monitoring technique, ACSM, based on 
aerosol mass spectrometry. The study was conducted during the years 2010–2012 at four different 
sites. I operated the on-line instruments and conducted the data and source apportionment analyses. 
Also, I wrote the paper. 
 
Paper III focusses on enhancing the knowledge of the chemical composition of particles at a 
regional background location in South Africa. The site is occasionally exposed to emissions from 
coal-fired power stations and/or to large mining and pyrometallic smelting activities. Two short 
sampling campaigns were conducted in October 2007 and Jan–Feb 2008. I did not attend the 
campaigns in South Africa, but I prepared the particle samplers for the measurements. I performed a 
majority of the chemical (ions, OC and EC) and data analyses. Additionally, I wrote the paper, with 
the help of the local co-authors from South Africa.  
 
Paper IV presents the OC and EC concentrations in PM1 measured for a year at a rural forested site 
in southern Finland, in Hyytiälä (SMEAR II), and at the urban background site in Helsinki 
(SMEAR III). The seasonal variation of the carbonaceous particles had not been studied previously 
at SMEAR II. I prepared the samplers and performed the chemical analysis (OC and EC). In 
addition, I was responsible for analysing the data and writing the article. 
 
Paper V describes the results of the yearlong on-line and off-line measurements conducted at the 
urban background site in Helsinki, Finland (SMEAR III). The seasonal variation of the chemistry of 
PM1 particles was studied, and the off-line and on-line methods were compared. In this paper, I 
contributed to the measurements and maintenance of the on-line instruments (PILS-IC, SC-OCEC), 
and performed much of the chemical analyses (partly ions, OC and EC).  
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7. SUMMARY AND CONCLUSIONS 
 
The primary focus of this thesis was to investigate the chemical composition of atmospheric fine 
particles. The more specific focus was to characterise the sources or origins of the fine particles, 
especially the organic fraction. For this purpose, I conducted several measurement campaigns with 
various off-line and on-line instruments. On a campaign-average basis, the mass concentrations of 
fine particles were quite similar to each other in the studied areas but had a lot of temporal 
variation. A similar temporal trend for PM2.5 in two cities in southern Finland indicated high 
contributions of regional or long-range transported sources to the PM2.5. In Finnish urban and rural 
sites, the fine particles consisted mostly of organic matter, whereas at the rural site in South Africa, 
sulphate had the highest contribution to fine PM, followed by organic matter. The high contribution 
of sulphate was related to the impact of industrial emissions in South Africa.  
 
The sources of particulate organic matter (POM) in the Helsinki metropolitan area were studied 
using factor analysis (ME-2), which revealed primary organic aerosol (POA) i.e. traffic and biomass 
burning, and secondary organic aerosol (SOA) as clear factors. POA had distinct diurnal variations, 
whereas the diurnal trend of SOA was flat, indicating long-range transport or regionally distributed 
POM. SOA had the largest contribution to POM (50–67%), even though the campaigns were 
conducted at specific environments, like in residential or traffic areas. However, the contribution of 
biomass burning to POM occasionally increased substantially. Such events occurred during cold 
ambient temperatures, during which the BBOA contribution to POM was around 50% or even 
higher versus 25–30% on average. The HOA contribution to the POM was 15–33%.  
 
The studies of carbonaceous matter in Finland showed that common sources for OC in the rural and 
urban background areas existed, but both areas also had local sources, like traffic in the urban area 
and biogenic organic aerosol in the rural environment. Evidence of the clear contribution of 
biomass burning to organic matter during winter was also presented.  
 
Although the interpretation of the ratio of OC to EC is not straightforward, it may give an indication 
of their sources. At the rural sites, the OC-to-EC ratio was two to three times the value in the urban 
areas. Similarly, higher ratios were observed during the biomass-burning events, whereas low ratios 
were observed near the traffic emissions. Also, there were differences in OC-to-EC ratio between 
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the seasons. The-OC-to-EC ratio was significantly higher during summer than during the other 
seasons, indicating that biogenic sources had considerable influence on OC during summer.  
 
Different cases were studied to understand the significance of the origin of the particles on the 
chemical composition. The chemical composition or mass concentration of PM may differ 
significantly, depending on the air mass origin. During biomass-burning events in Finland, the mass 
concentrations of fine particles increased almost 10-fold and typical biomass burning markers were 
identified. In South Africa, the concentrations of sulphate increased by a factor of 14 or 37 times, 
when compared with the clean background air during air mass flows over the coal-fired power plant 
or during industrial mining activities.  
 
To conclude, this thesis contains the results of long-term off-line and on-line measurements of the 
fine particle chemistry in urban and rural areas. The thesis also includes data obtained from short-
term campaigns providing information on different sources and meteorology affecting the particle 
chemistry at the measured area. Today several methods exist to determine the physical properties or 
chemical compositions of aerosols. However, more information is still needed on the properties of 
particles to understand the sources of primary anthropogenic and biogenic emissions and how they 
are processed in the atmosphere and affect air quality or climate. To fulfil this need, the chemistry 
of precursor gases and particles should be measured simultaneously. 
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